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PPSSTARTUP TRAjnNG OF LITHIUM COBLbNT IN A NUCLEAR 
REACTOR FOR A SPACE PO$IVERBLANT 
by Paul M. Lustig 
Lewis Research Center 
SUMMARY 
The uranium-nitride-fueled fast reactor being studied at Lewis will probably require 
that the lithium coolant be thawed prior to startup a t  some point during its operating 
history. Temperature differences must be limited during melting s o  that the increased 
volume of the melted lithium does not cause excessive s t resses  in the system. In this 
study thawing was accomplished by pumping heated argon through an annular space be- 
tween the reactor primary loop and a surrounding jacket. 
This investigation was conducted to determine pumping power and time to melt the 
lithium a s  functions of radial and axial temperature differences in the lithium. Argon 
flow annulus size, heating power, and energy requirements were also determined. 
The calculations showed that thawing of the lithium can be performed using argon 
gas. The lithium can be completely melted in the reactor within 24 hours without ex- 
ceeding a radial temperature difference a t  melting of 25' R (13.9 K) o r  an axial differ- 
ence of 30' R (16.6 K). And the maximum pumping power required to accomplish this 
will not be greater than 1 kilowatt. This assumes a 1/4-inch (0.635-cm) annulus and an 
initial reactor temperature of 200' R (111 K). 
Two heating modes were studied: constant heat flux and constant gas inlet tempera- 
ture. The time to melt, and heating and pumping power requirements, depend on the 
heating mode. The constant-inlet-temperature mode can reduce the time to melt by a 
factor of 4 and the pumping energy by a factor of 2.5 below those for  the constant-heat- 
flux mode. 
The heating power requirement can be much greater than the pumping power. For  
example, in constant-inlet-temperature heating an initial heating power of 2'5. 5 kilowatls 
was caZcuPated compared to a maximum of 1 kilowatt of pumping power, For this reason 
the mode of heating may be dictated by the availability of auxiliary power sources, 
A uradum-nibride-fuelcd, Iidhiurn-cooled fast reactor 1s be;rzg co~~sidered as a heat 
source for electrjicak p w e r  systems to be used in  space applications, A t  some point in  
i t s  opera2-ilig histcry i t  C ~ K  be expected that sear"ca?p sf Ihe reactor will have to be aecom- 
plished after the lithium cookant has soli&fied in the reactor and primary heat-transfer 
loop. Control drums within the reactor pressure vessel a r e  to be cooled by the main 
l i ~ i u m  flow (fig. I). This r e q ~ r e s  that the coolant be thawed before the drums can be 
rohted.  Once the drums a r e  mobile, reactor power may be used to melt the remaining 
coolant, 
Temperature differences should be limited during heating and especially during 
melting so  that volume expansion upon melting does not cause excessive pressures and 
s t resses  on the pressure vessel and internal components. It is not known a t  present what 
this temperature difference limitation is, but it  must be small  enough that once melting 
begins the remainder of the solid lithium will be sufficiently weak to be easily pushed into 
the voids left on freezing. It  would depend on the geometry and strength of the reactor 
materials a s  well a s  on the strength of solid lithium a t  temperatures near its melting 
point. The change in volume on melting of lithium and i ts  coefficient of thermal expan- 
sion a r e  also factors in determining the madmum acceptable temperature differences. 
One of several possible methods of thawing the lithium is to use a heated fluid flow- 
ing in the space between the primary loop and a close-coupled surrounding jacket. This 
jacket could also serve other purposes. Ef it were leaktight to the lithium, it could be 
used to prevent complete boss of coolant in the event of a serious leak in the primary 
system. It could also serve a s  a barr ier  to heat losses from the surfaces of the primary 
loop, o r  it could protect the refractory components in the primary loop from contamina- 
tion by surromding substances, like lunar soil  in the case of a powerplant for a lunar 
base. 
This investigation was conducted to determine pumping power and time to melt the 
lithium a s  functions of radial and axial temperature &fferences in the lithium and the 
argon flow area. Heating power reqdrements,  energy requirements, and pressure drops 
were also calculated. 
Only Lhe heating of the r e a c b r  and the primary loop piping were studied in this r e -  
port, In addid%on, other components of the system Mil have to be thawed, such a s  the 
primary heat exchanger and pump and any a u i l i a r y  compnents  c o n t a i ~ n g  lithium cool- 
ant. The design of these components i s  not complete, Neither time limitations o r  the 
availability of amil iary power to both heat and pump the preheating f % ~ d  can be swcified 
until a mission assignment is established, However, the range of conditiom studied 
covers those which may be practical, Thus radial and axial temperature differences s f  
as r n u c h a s  80" R (44-4 M), pumping powers a s  high a s  5 to 10 lci.Powatt;~;s, an6 times to 
5 
melt as lolag as 100 hours (3,6x10 see) "were studied 60s thawing of ihe reactor, An- 
rrl-rlar spaces of 1/16, l/8, and 1/4 hach 60, 159, 0 , 3  17, and 0,635 ern) were studied, 
The hesting llu-id selected was argon, The use of gas has advantages over the use ol 
other types of flr?dds such  as organic liqutids or I iqe~d  metals, The possibldaty of freezing 
in the lines makes P i q ~ d  metals u n a t t r a c ~ v e ,  Decomposition at the higher temperatures 
makes the use of o r g a a c  liquiids very ernattractive. Argon gas is chosen becawe of its 
compatibilitgr with materials and, in particular, because of its cons ide ra~on  a s  the work- 
ing fluid in a Brayton-cycle power conversion loop. Hence, it could be o b t ~ n e d  from 
there. Gas is more difficult to pump than other f l ~ d s ,  but the calculations show it wodd 
not require excessive auxiliary power to obtain reasonable t h a ~ n g  times and tempera- 
ture differences. 
Two modes of heating were investigated. These were constad-heat-f lu input to the 
reactor and piping and constant inlet temperature of the heating fluid. Graphs were 
drawn for the constant-heat-flux mode of heating, allowing selection of opra t ing  ranges 
based on limits placed on the aforementioned parameters. The constant-heating-fluid- 
inlet-temperature mode of heating was studied a s  a means of improving the performance 
of the thawing system and providing a more simply controlled alternative to the constant- 
heat-flux mode. 
This study can provide a means of evaluating an argon heating-fluid system once the 
mission requirements a r e  known. If such a system is wed ,  the variety of heating teeh- 
niques discussed herein can be used to design the most efficient heating mode. This r e -  
port may also serve  a s  a guide for  analyzing other p r e h e a ~ n g  and & a ~ n g  systems. 
SYSTEM DESCIFQSPTION 
The reactor design is discussed in detail in ref erence 1. The lithium-cooled fas t  
reactor shown schematically in figure f has a six-winted star-shaped ar ray  of fuel 
elements surrounded by six rotating molybdenum control drums and molybdenu side 
reflectors. Each drum contains a tantalum absorber piece and several fuel pins. The 
whole is enclosed in a cylindrical pressure vessel capped by torispherical heads. The 
control-drum drive nozzles contain the drive shafts, bearings, and penetration devices 
and protrude from either end of the pressure vessel. There is a molybdenum reflector 
a t  the inlet and outlet ends of the core. 
Lithium is present throughout the whole assembly except in the fuel pins. Thus 
lithium surrounds the control drums up to the penetration device, surrounds the arao1y.b- 
denurn side reflectors, is inside the coolant annali surrounding the fuel pins, and is in  
the inlet (bottom) and outlet (top) pplelrrtar~~s between the reflectors and the pressure vessel, 
To give an idea of dimensions: the outside diameter of the pressure vessel i s  
22, f i nches  (57-7 em), the fuel len@h i s  14-8 inches (3"a 6 cm), and the reflector thick- 
ness at inlet and outle"&is 2 inches (5, L cm), The primary piping has an inside aanaeter 
of 3 iaaekaes 4"d 6 cm), 
RaaLhematical Model 
The calculations a r e  based on a model of the reactor which is cylindrical and has an 
outside diameter of 1.90 feet (0. 579 m) and is 2 feet (0.610 m) long, a s  shown in figure 2. 
Values of the annular space between the reactor and jacket were chosen to be 1/16, 1/8, 
and 1/4 inch (0.159, 0.317, and 0.635 cm). 
The piping was assumed to have a 3-inch (7.6-cm) inside diameter and the length 
chosen for the calculation was 100 feet (30. 5 m). The length of pipe will depend on the 
mission. The only annular gap size investigated around the piping was 1/4 inch 
(0.635 cm). 
The flow of gas is straight through the annular space. Heating of the reactor  and 
piping were analyzed separately. 
Governing Equations 
The equations used to describe the heating of a solid by a flowing fluid a r e  
where the subscript b refers  to the solid (reactor o r  piping), the subscript f refers  to 
the heating fluid, and Tm is the mean temperature of the fluid. (All symbols a r e  de- 
fined in the appendix. ) 
In these equations the temperature of the reactor Tb is assumed to be independent 
ol  ps i t ion ,  These equations a r e  w e d  to study the time to melt the li%hium tm a s  a 
function of gas flow rate (or pumping p w e r ) ,  Temperature differences witkn the reactor 
axially and ra&alily are not considered in ~ e s e  equations, 'khk value of U (the overall 
heat-transier coefficient) was taken as the film coefficient for the flowing gas, There 
w i l l  actually be temperature &fferences between the reactor surface and the interior, 
Hence, the true driving force for heat transfer into the reactor (e ,  g, , the tempera-ture 
difference between " t h e  argon and the reactor sudaee)  will be less than that w ~ c h  as- 
s w e s  an averaged uniform t e m p r a t u r e  as in these calculations, This will. lead to 
sEghtly opgmistie estimates ~f the time to melt, The s x a l l e r  the radial t emperzk~re  
difference, the closer these a p p r o ~ m a t e  equations approach actual heat-transfer condi- 
tions, For the purpose of this preliminary study the results a r e  adequate, particularly 
in view of the fact that radial temperature differences a r e  purposely kept small. Also 
there is much conservatism built into the time-to-melt calculations since only the lithium 
which surrounds the control drums must be melted by the preheating system. These cal- 
culations assume that all the lithium is to be melted. 
The initial temperature of the reactor Tb before the preheating operation begins o r  
a t  t = 0 will probably depend on the mission. It  is not certain that the reactor will be 
insulated from radiating to space nor how long after launch preheating will be started. A 
conservative assumption was made which assigns an initial reactor temperature of 200' R 
(111 K). This is approximately the temperatures recorded on the Surveyor solar  panels 
after the onset of lunar night. 
Equations (1) and (2) were used in this analysis of the two modes of heating studied 
in this reporl: the constant-heat-flux mode and the constant-inlet-temperature mode. 
Constant -Heat - Flux Heating Mode 
Heating and thawing of a solid cylinder does not lend itself easily to analysis, par- 
ticularly when the heating fluid is a gas where the inlet- to outlet-temperature drop may 
be significant. The constant-heat-flux mode of thawing was investigated first because it 
gave a simple technique for establishing times for  melting. 
For  this mode of heating the heating rate of the materials in the core is constant and 
is equal to the te rm uAht(Tm - Tb) in equations (1) and (2). The left side of equation (1) 
shows how the temperature of the reactor r i ses  a s  a result of this constant heat rate  into 
it. Since the heating rate is constant and properties a r e  assumed to be independent of 
temperature, the rate of temperature r i se  of the reactor d ~ ~ / d t  will he constant. 
Again, T, - Tb must be constant, and that means dTm/dt in equation (2) must be equal 
to d ~ ~ / d t ,  o r  the mean gas temperature must r i se  a t  the same rate as the reactor tem- 
wrature .  A comparison of the value of VpC of solid and fluid showed that the value P 
for  the fluid (gas) is negligible compared to that of the solid (reactor). Bence, the heat 
represented by the left side of equation (2) is negligibly small  compared to the left (or 
sight) side of equation (I), For this reason the left side of eqauaMon (2) c o d d  be neglected 
and a balance established between the heat lost by the fluid [WfCf(Ti - T ~ ) ]  and the heat 
gained by t h e  reactor liAht('i', - Tj. Thus 
In these calculations the reactor temperature Tb was idependent of u i a l  position. A 
logarithrnic mean temperature was used for Tm. 
A flow rate was established that balanced equation (3) for particular values of To, 
Ti' and Tb, where h is a function of the flow rate. Then q was assumed to be con- 
stant for the remainder of the thawing process. That i s  how the constant-heat-flw mode 
of heating was used to analyze the melting times. The total heat required to melt the 
5 8 5 lithium in the reactor (1. 78x10 Btu o r  1. 89x10 J )  o r  piping (I. 56x10 Btu o r  
8 1 . 6 4 ~ 1 0  J) per 100 feet (30. 5 m) was divided by the heating rate q to obtain the time 
to melt. 
The radial temperature difference in the reactor may be calculated from the  
constant-heat-flux input using the equations of Carslaw and Jaeger (ref, 2 ,  p. 203). The 
initial transient in the establishment of the radial temperature profile with constant heat 
flux is virtually complete within minutes. Therefore, the infinite-time radial tempera- 
ture profile was used throughout the calculations. Although the axial temperature distri- 
bution in the reactor i s  not calculated (an average temperature in the axial direction is 
used), the actual temperature difference in the axial direction would be less  than that in 
the heating fluid. Therefore, the axial temperature differences in the reactor can be 
limited by limiting the inlet- to outlet-temperature difference in the heating fluid. 
The following equations were used to calculate the heat-transfer coefficient h in 
the heat balance equation and the friction factor f used in the calculation of pumping 
power. They a r e  from reference 3 (pp. 46'3 and 383, respectively). 
and 
where 
Di equivalent inside diameter, i n .  ; em 
2 2 G mass velocity, lb/(sec) f f t ) ;  kg/(s@@?(m ) 
0 C heat capacaty o_T the g a s ,  ~ t u / ( l b )  ( Pi'); i!/(g)fK) 
P 
h 2 0 2 heat-transfee coelirc~ent, atu/(hr)(ft ) ( F); W/(m )(K) 
/J,/%G uldlless Reynolds number 
f mitless Fa~?s,ing friction factor 
Constant-Inlet -Temperature Heating Mode 
The temperature differences occurring just before melting a r e  of major concern. 
Although the heat flux into the reactor was assumed to be constant during the entire heat- 
ing process in the previous mode, the heat flux could i n i ~ a l l y  be increased and later be 
reduced as melting is approached, One method of accomplishing tMs is by maintaining a 
constant inlet temperature in the heating fluid. 
In order to analyze this mode, the time-depndent heat-transfer equations (eqs. (1) 
and (2)) were used to calculate the r i se  in temperature of the lithium in the reactor a s  a 
function of time with the gas inlet temperature held constant. 
In order to obtain solutions for these equations, the following assumptions were 
made: 
(1) The average o r  mean temperature of the gas Tm is the arithmetic average of 
the inlet and outlet temperatures. 
(2) The lithium or  reactor temperature was independent of axial position. 
(3) The density of the heating fluid was constant during the heating process. 
The AIROS program (ref, 4) was used for these calculations since it will solve se ts  
of these types of equation, although it is specifically designed for  solving reactor kinetics 
problems. 
Physical Properties Used for Cdculations 
The physical properties used for the calculations were obtained from several 
sources. Table I shows the values used and the references from which they were ob- 
tained, 
In the pumping power calculations, viscosity and density a t  the average temperature 
of the heating fluid were used. The other properties of the flMd were considered to be 
constant. 
Properties of the reactor,  such as  heat capacity and density, were averaged with 
respect to the weights of the materials in the ereactor, The thermal eonductiviQ was 
ca%er;tTated at the lithium melting point since the radial temperature difference at that 
temperalure i s  of prime importance, 
In order  to calculate the average thermal conductivity of tlae reactor, it was first 
divided i~rto four concentric re@ora,4 or rings,  The oaatside ring was tkae T - I l l  presszare 
vessel, GolEowed 'by a thin annulus of l i ~ i a r m  a s  the second ring, The molybdenum re -  
flector and control drums wick the T - l l f  absorber made up the third ring, and the reac- 
tor  core the fourth. The thermal conductivity for each ring was calculated by averaging 
with respect to material weight within the ring. It is the overall resistance to heat t rans-  
f e r  from the outside of the pressure vessel to the center of the core that establishes the 
radial temperature difference. The resistance of each ring to heat transfer AX/kAht 
was then calculated. The sum of all the resistances is the overall resistance, and from 
this the overall thermal conductivity was calculated. The equations for conduction 
through slabs in reference 3 (p. 460) had to be converted to the cylindrical geometry of 
the reactor. 
The material weights in the reactor together with the averaged values of the proper- 
ties for the reactor appear in table II. 
The total amount of heat required for  heating the reactor and melting the lithium was 
calculated from the averaged specific heat of the reactor, the total weight of the reactor, 
the weight of lithium, and its heat of fusion. The values presented earl ier  for the heat- 
ing requirement were based on an initial temperature of 200° R (111 K). The averaged 
heat capacity and thermal conductivity for the piping a r e  also presented in table I, to- 
gether with the weight per 100 feet (30. 5 m) of the materials composing it. 
RESULTS AND DISCUSSION 
Constant-Beat-Flux Beating Mode 
The results for  the constant-heat-flux heating and thawing of the reactor coolant a r e  
presented in figures 3(a) to (c), each representing a different annular gap around the re -  
actor. Figure 4 is a similar graph for the primary piping with an annular gap of 1/4 inch 
(0.635 em). The curves show the interrelation between the radial temperature difference 
AT,, the inlet to outlet temperature drop in the gas AT and the pumping power re-  g' 
quirement Bmax. 
The power required to pump the fluid Bmax was calculated on the basis of the final 
temperature of the fluid. This is the maximum power requirement for the gas because 
the pumping power r i ses  with the increasing temperature necessary to maintain the con- 
s t anmea t  flux. The rising temperature decreases the density of the gas and increases 
i ts  v i s ~ o s i @ ~  both of whch cause an increased pumping power requirement. 
Once these parametel-s (AT,, ATg, and Bma) are selected, the abscissa S~IOWS the 
initial outlet temperature of the heating fluid, The initial inle"tempera%;-are is oManed 
by ad&ng the gas tempera-ti.1re drop to the outlet temperature, These temperatures will 
rise during %he heating process, but the difference from inlet to outletis constant be- 
cause the f%ow rate and heating rate are eonstant. 
The other parameter of interest, Erne to melt ir i s  p l ~ t t e d  in figures 5 and 6, m 
This is a function only of the ra&al temperaiure &fierenee and the initial lithium temper- 
ature. 
By establishing limits on the parameters, an a r e a  may be enclosed on the graph that 
includes al l  acceptable operating points. As an example, consider figure 3(c), where the 
annular gap is 1/4 inch (0.635 cm) around the reactor. We can se t  an upper limit on the 
radial temperature difference of 25' W (13.9 K), and on the axial temperature difference 
(in these calculations the difference between inlet and outlet gas temperature) a limit of 
30' R (16.6 K). The upper limit on pumping power was assumed to be 1 kilowatt for  this 
example. The fourth limit placed on the time to melt is 24 hours. To apply this limita- 
tion, figure 5 is used. To keep the time to melt less  than 24 hours, the radial tempera- 
ture difference must be greater than 12' R (6. 7 K) (initial reactor temperature of 200' R 
(111 K)). If these four boundaries a r e  drawn on figure 3(c), they enclose the shaded a rea  
ABCD. A possible operating point would be point E where AT = 23' R (12.8 K), g 
AT, = 15' R (8.3 K), Hmax = 0.27 kilowatt, tm = 20 hours, To = 254' R (-206' F; 141 K), 
and Ti = 277' R (-183' F; 154 K). 
Other values of interest in the process a r e  the fluid flow rate W and the fluid pres- 
s u r e  drop AP. In this case W = 3200 pounds per hour (0.405 kg/sec) and A P  = 0 . 1  psi 
(4.8 'N/m2). 
The shaded a r e a  is much smaller  for  the I/$-inch (0.317-cm) annulus under the 
same operating limits (fig. 3(b)). No operating points could be found for the 1/16-inch 
(0. 159-cm) annulus (fig. 3(a)). 
A curve showing the variation in pumping power for the sample case just described 
appears in figure 7. The initial pumping power requirement is about one-twentieth the 
pumping power at the lithium melting point. 
The initial solid lithium (or reactor) temperature in all  cases was 200' R (111 K) and 
the outlet gas pressure was 1 atmosphere. The initial gas inlet temperature is just a few 
degrees above that in the constant-heat-flux case, This very low temperature estimate 
is probably conservative, and any initial temperature above 200' R (If  1 M) will shorten 
the melt time. For example, in the sample case if the initial temperature of the reactor 
and the gas was earth ambient (about 70' F; 530' R o r  295 I(), the melt time would have 
been reduced from 20 to 10-3  hours, 
Heating the lithium in  the piping is considered separately from the reactor,  The 
limits used in the example for the reactor do not produce an operating area even for  the 
B/4-inch (0,635-cm) annulus around the $00 feet  (30,s rn) of piping, However, an oper- 
0 at ing area sat3 be found PE the llrnlt oi AT IS increased to abou"L00 R (other param- 
g 
&errs remaining the samc), 'Whils? t h i s  Irmii; may prove to be excessive far thc reactor 
wzth I ~ S  eoanplex asad deliezie ~nkc-lraor, r l  may be adequhte ~w the longer and slmyler pip- 
ing. The possibility of improving performance by other heating modes, larger annular 
gaps, and so forth, 1s discarssed later  (p. 12 ) ,  
Constant-Inlet -Temperaature Heating Mode 
Results of the calculations showed that use of the constant-inlet-temperature heating 
mode can greatly reduce the time to melt. This can be seen in table 11, where the two 
modes of heating a re  compared for a 1/8-inch (0,317-cm) annular spacing and a maxi- 
mum pumping power of 3.3 kilowatts. The left side of table 1% shows the time to melt in 
the constant-heat-flux mode for  the same ATr a s  that which occurs at melting in the 
constant-inlet-temperature mode. Thus, for a constant inlet temperature of 860' R 
(487 K), the ATr at melting was 17.3' R (9.6 K) and the melt time was 4.0 hours. 
When a A of 17.3O R (9.6 K) is maintained over the entire thawing process, the time 
to melt is 16,5 hours a s  shown on the left side of the table, 
W e n  only the constant-inlet-temperature mode was considered for different inlet 
temperatures, i t  was found again a s  expected that the higher inlet temperatures reduced 
the time to melt, a t  the expense of increased radial temperature difference. Prom the 
right side of table I1 it is seen that in going from an inlet temperature of 825' to 860' R 
1 (459 to 48'7 K) the time to melt is reduced by a factor of about 2% (10. 7 to $. 0 hr). But 
the radial temperature difference r i ses  by a factor of about 4 (4. 14' to 17.3' 8). 
Figure 8 shows the average reactor surface temperature a s  a function of time for  
various inlet temperatures in the constant-inlet-temperature mode of heating. A large 
fraction of the time to melt occurs with the lithium at the melting point. At the lowest 
inlet temperature, 825' R (459 K), the reactor is a-t the lithium melting point during 
40 percent of the heating process. 
This indicates that i t  may be possible to decrease the time to melt very significantly 
by increasing the heat f lux  once melting has occurred on the outside surface of the lith- 
ium. Througholat this report  the radial and axial temperature differences were con- 
sidered to be limiting factors, However, what i s  primarily of concern is the difference 
between the lithium melting p i n t  and the lowest "cwpeature  in the reactor (or piping) a t  
"ce time melting begins. If the temperature differences a t  that time a r e  wig;hin the limit 
imposed, all kjne lithium may be soft enough to extrude into the voids left on freezing 
without causing excessive s t resses ,  Once that p i n t  i s  reached i t  can be assumed that an 
increased heat flux will not cause excessive stresses since any remaining solid will stil l  
be able to extrude into the voids, 
Thus the constant-iszlek-"Lemperatuse mode can decrease "re linle lantil meltirrg be- 
ginas. Bart a further i~educlicrr; in l i m e  io melt. can be obtarrted by r a i s ~ n g  "ehe gas temper- 
ature (and, hence, heat flux) &ter rneltlrrg begins w~thetsti. ~ncreasing the temperature &f- 
ferenee in the solid likiuart, Of course, the higher gas :tampe-ratur+e wl;P reyanre a small 
increase an ptm~ping power, 
To make a further comparison between the two modes of heating, calculations were 
made fo r  the case where the radial temperature difference a t  melting was the same for 
various constant inlet temperatures. Since ATr was 10.2' R (5.67 K) for al l  inlet tem- 
peratures, these cases al l  compare with a time to melt of 29 hours in the constant-heat- 
flu% mode, 
Figure 9 shows the average reactor temperature a s  a function of time for various 
inlet temperatures for the constant-inlet-temperature mode. In this case the higher inlet 
temperatures do not reduce the time to melt but increase it. This is also shown in 
table 111, where the cases a r e  compared in tabular form. A s  the inlet temperature is in- 
creased, the axial temperature difference AT also increases along with the time to g 
melt. This occurs a s  a result of the reduced heat transfer (and, hence, flow rate) nec- 
essary  a t  the higher inlet temperatures to maintain the same radial temperature differ- 
ences a t  melting, The maximum pumping power requirement Elmax would then be re-  
duced a t  the higher inlet temperatures, a s  shown also in table 11%. The table thus shows 
that, if it i s  desired to maintain a particular radial temperature difference a t  melting, 
the time to melt and the axial temperature difference can be reduced only by lowering the 
inlet temperature, but this is done at the expense of a higher pumping power. 
One further calculation was made comparing the constant-heat-flm and constant- 
inlet-temperature modes of heating. The energy requirement was calculated for the 
pumping of the gas during equivalent reactor thawing operations. The energy require- 
ment in the constant-inlet-temperature mode was less  than one-hall that of the constant- 
heat-flux mode, The values of the parameters used in the calculation and the results a r e  
presented in table IV. 
Figures I0 and PI show the p m p i n g  power and energy requirements a s  a function of 
time during the melting process. The power requirement in the constant-heat-flm mode 
is initially lower than that of the constant-inlet-temper ature case. However, because of 
the much longer time required for melting in the conslant-heat-flu case, more energy 
is required to power the pump overall than in the constant-inlet-temperatclre mode of 
heating. 
The comparisons made in this section a r e  between the eonstmt-heat-flm and 
constant-inlet-temperature modes of heating, The former was a conservative and maich- 
ematieally expe&ent choice which may prove difficult lo carry out in practice. This was 
compared with the more simply controlled constant-inlet-temperature mode of heating, 
Both iiechdques use constant gas flow rates, However9 there may be other procedures 
of  varyilzg temperatures and flows which could result in more effective performance of 
the pameheating system, 
- 
'~'eehniques for  Improving System Pesormanee 
One of several techniques to improve the system performance would be to increase 
the heat flux once melting begins. This would shorten the time to melt beyond that ob- 
tained with the constant-inlet-temperature mode of heating. In addition, helium gas 
might be substituted for argon. This would cut the pumping requirement by a factor of 
about 10. Higher gas pressures than the 1 atmosphere used in these calculations can 
also reduce the pumping power. A still larger  annular space than 1/4 inch (0.635 cm) 
might be used to meet tighter limits on temperature differences, pump power, o r  time. 
In this study the gas was assumed to be pumped straight through the reactor annulus 
o r  the piping annulus. This could be done in one of the three ways shown in figure 12. 
However, if it is found necessary to reduce axial temperature differences, the reac- 
tor o r  piping heating annulus could be further divided into parallel paths. This may be 
desirable in the piping example previously discussed, where the other limits could only 
be satisfied by allowing the axial temperature difference to approach 100' R (55 K). 
Beating Power and Energy Requirements 
Until now the only auxiliary power requirement studied has been that necessary to 
pump the heating fluid. This would typically be an electric power source. However, 
power will be required to heat the gas a s  it transfers its heat to the reactor o r  piping. 
The amount of this power depends primarily on the heating rate in the reactor o r  piping. 
There is also some power required to raise the gas temperature from its initial condition 
to its final condition when al l  the lithium is melted. This requires very little energy 
compared to  the heat required in the melting and s o  was neglected. 
The amount of energy required to heat the reactor and to melt the lithium 
8 ( 1 . 7 8 ~ 1 0 ~  Btu; 52 kW-hr o r  1.87X10 3) is about the same in the reactor and in the pip- 
ing, so  only the reactor will be discussed. 
For the constant-heat-flux case the heating power requirement is simply 52/tm hil- 
owatts, where tm is the time to melt. IL will be cons-tant for the whole h e a ~ n g  process. 
For the operation proposed in table IV ~ t h  constant heat flwr, the heating p w e r  would 
be 52/28 or 1.8 kilowatts, 
For the constant-inlet-temperature case the heating rate is initially very Mgh, and 
for  this same example is 2"% 5 Icilowaes, This requirement drops o f f  qdckky to the same 
I, 8 kilrowaa;"cs as in  the constant-heat-flu ease  once inelting begins. 
The heating power requirement  is much greater than the pumping p w e r  in  both 
modes of heating, If this heating power is too high for electrical supply, some other kind 
of heat supply may be reqdred to t ransfer  heat to the gas qkekly enough, The availabil- 
ibj of heat sources for  the gas may be the e~nlro l l ing  factor in  determining the mode of 
heating the lithium and in establishing the time to melt. 
The calculations presented herein show that thawing of the lithium coolant can be 
performed using heated argon gas. Results showed that a wide operating range was 
available for melting the lithium in the reactor for  a sample se t  of limits: annular gap, 
1/4 inch (0.635 cm); radial temperature difference, ATr < 25' R (13.9 K); fluid temper- 
ature drop, AT < 30' R (16.6 K); maximum power required to pump fluid, Hm, < 1.0 g 
kilowatt; time to  melt, tm < 24 hours. These limits a r e  based on an initial lithium tem- 
perature of 200' R (111 K). They apply for both the constant-heat-flux and constant- 
inlet-temperature modes of heating. 
The constant-inlet-temperature mode of heating can significantly reduce the time to 
melt and the energy needed to pump the fluid while maintaining the same limits on radial 
and axial temperature differences and on maximum pump power. For one se t  of limits, 
, it was found that the melt t ime could be reduced by a factor of 4 and the energy require- 
ment by a factor of 2. 5 by going from constant-heat-flux heating mode to a constant-inlet- 
temperature heating mode. 
The time to melt will ultimately depend on the availability of power and energy sup- 
plies and the limits that must be placed on radial and axial temperature differences. 
However, any attempt to reduce the time to melt will increase the power requirement for 
heating the argon. For instance, it was calculated that the initial heating power require- 
ment for the constant-inlet-temperature case was 29.5 kilowatts compared to only 
1.8 kilowatts for  the comparable constant-heat-flux case (i. e. , same ATr and AT a t  g 
melting). Of course, the heating power a t  melting is the same 1.8 kilowatts for both 
cases. If short t imes to melt a r e  required, i t  may be necessary to supply some other 
heat source besides electrical power to transfer heat to the gas quickly enough. 
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area for heat transfer from .fluid in  annular space to reactor o r  piping 
average heat capacity over reactor 
heat capacity of fluid 
equivalent internal diameter of annulus (in in. for calculation of h) 
energy required to pump fluid 
fanning friction factor 
2 
mass velocity of heating fluid (in lb/(sec)(ft ) for calculation of h) 
power required to pump fluid 
maximum power required to pump fluid during heating period 
film heat-transfer coefficient 
fluid pressure drop 
heating rate 
average temperature of reactor or  piping - assumed uniform in each initially 
and during heating and melting 
fluid inlet temperature 
average fluid temperature 
fluid outlet temperature 
fluid temperature drop f rom inlet to outlet, Ti - To (also assumed a s  measure 
o r  limit to the axial temperature difference in the Ethium) 
radial temperature difference in the lithium 
heating time 
time to achieve complete melting of the lithium 
overall heat-transfer coefficient 
volume 
volume of reactor o r  solid component to be heated 
volume of fluid in p r e h e a ~ n g  system 
flow rate of heating f l ~ d  
viscosity of heating fluid 
p average cde-r~sii-y 
0,  average density of reactor or solid component to be heated RP 
pj merage density of fluid 
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TABLE I. - PHYSICAL PROPERTIES O F  REACTOR AND PIPING MATERIALS AND HEATING FLUID, MATERIAL WEIGHTS AND 
AVERAGED REACTOR AND PIPING PROPERTIES USED IN CALCULATIONS 
'Material weights were design values a t  time of report and were not published, 
' ~ t  lithium melting point. 
'varies with temperature in calculation. 
 elti tin^ point of lithium was 354' F o r  814' R (451. 7 K),  ref. 8. 
T A B U  11. - COMPARISON OF  HEATING MODES AT EQUIVALENT 
MAXIMUM PUMPING POWER (3.3 kW) 
[ ~ n n u l a r  spacing, 1/8 in. (0.3 17 cm) .] 
TABLE III. - COMPARISON OF  HEATING MODES AT EQUAL RADIAL 
TEMPERATURE DIFFERENCES 
[Annular spacing, 1/8 in. (0.317 cm). ] 
TABLE IV. - VALUES O F  PARAMETERS USED FOR ENERGY 
REQUIREMENT COMPARISON O F  HEATING MODES 
(REACTOR ONLY) 
Fluid temperature drop, 
Maximum power required to pump fluid, 
Flow r a t e  of gas, W, lb/hr (kg/sec) 
nnular gap, in. (cm) 
Energy required to  pump fluid, 
Figure 1. - Lithium-cooled fast reactor. 
Heating I Heating 
f lu id  i n  f lu id out 
Annular 
space i t  / ;I ut'""' 
Jacket 1' 
Figure 2. - Mathematical model used in calculation of reactor heating. 
A similar model was used for 100 feet (30.5 m) of 3-inch (7.62-em) 
piping. 
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Fluid outlet lemperalure, To. K 
la1 Annular spacing of 1/16 inch (0.159 cml around reactor. 
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Fluid outlet temperature, To. K 
Ibl Annular spacing of 118 inch 10.317 cnil around reactor. lcl Annular spacing of 1/4 inch 10.635 cml around reactor. 
Flgure 3. -Variation of radial temperalilre difference with fluid outlet temperature, temperature drop, and pumping poner for three annular spacings. 
.021 
200 205 210 21 5 220 225 2'3 235 
Fluid out let  temperature, To, "R 
115 120 125 130 
Fluid out let  temperature, T, K 
Figure 4. - Var iat ion of radial temperature d i f ference w i th  f l u id  outlet temperature, tempera- 
t u r e  drop, and pumping poNer for  a n n u l a r  spacing of 114 i n c h  (0.635 cm) a round  piping. 
Example: \\ 
I 
10-1 1 1 1 1  1 1 1  I  I  l l l l  I 1 1 1  1 1 1  
1 10 102 103 
Radial temperature difference, AT, "R 
1 10 102 
Radial temperature difference, AT,. K 
Figure 5. - Time to melt as function of radial temperature difference i n  reactor. In i t ia l  
reactor temperature, 200" R (111 K). 
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Time at wh ich  com- 
plete mel t ing of L i  
lakes place, h r :  2.69 3.96 
In let  ternperatu re, 
Ti, OR (K): 900 (1500) 860 1(4871 
200 I I 
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Figure 8. -Temperature r i se  in reactor l i t h i u m  as func t ion  of heat ing t ime for var ious con- 
stant i n l e t  temperatures of gas at equivalent pumping power of-3.3 kilowatts. 
9 0 0 p ~ e t  emperature, Ti, 'R11K): 825 14591 835 14651 8 M  (4871 900 (5001 1000 15551 
I , ,  / / / 1000 (555) Constant i n l e t  
MO temperature, 
Ti, 
"R 1K) 
400 
Time, t, h r  
F igure 9. - Temperature r lse i n  reactor l i t h i u m  as func t ion  of heat ing t ime for var ious constant in le t  temperatures of 
gas. Radial temperature difference the  same i n  a l l  cases, 10.2" R (5.67 K) at mel t ing point. 
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Figure 10. - Variation of pumping power requirement with heating time 
for two modes of heating (see table I V  for conditions). 
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Figure 11. - Energy required for pumping as function of heating time for two modes 
of heating. (Integral of curves of fig. 9.) 
Series 
Figure 12. - Variations in heating and pumping 
Heater 
Parallel 
arrangements for straight-through heating fluid flow. 
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